Introduction
Metabolite transport proteins occupy key positions in the metabolic networks of highly compartmentalized eukaryotic cells. In such cells, at least one and frequently more than one membrane delineate organelles from the cytosol.
Thereby compartments with different reactions milieus are created that are characterized by low pH or high-energy status, or by highly reductive or oxidative conditions, as compared to the cytosol. The membranes bounding these compartments act as effective diffusion barriers to most organic metabolites and inorganic ions. However, cellular metabolic networks frequently extend over several compartments. Hence, substrates, intermediates, and products of pathways need to pass the bounding membranes in a controlled manner that retains the compartment specific conditions while allowing the passage of defined metabolites. Transport proteins that are embedded in the membrane enable the passage of metabolites and thereby connect metabolic networks beyond organellar boundaries (Linka and Weber, 2010) .
Transport proteins can be broadly classified into three groups: channels or pores, primary active transporters, and secondary active transporters, respectively (Heldt, 1999) . Channels or pores permit the diffusion of molecules along a concentration gradient or electrochemical potential. Since diffusion of solutes through pores and channels does not involve binding of the substrate to the channel protein but its passage through the hydrophilic channel pore, diffusion occurs very fast, up to 10 6 molecules per second (Heldt, 1999) . In contrast, carrier proteins, similar to enzymes, bind their substrates and undergo a conformational change upon binding and transport. Hence, transport processes mediated by carrier proteins are several orders of magnitude slower than those mediated by channels, ranging between ten and several thousand molecules per second (Heldt, 1999) .
Primary active transporters split energy rich bonds such as those in ATP or PPi to transport metabolites or ions against a concentration gradient. energy equivalents to assimilate CO 2 into triosephosphates (TPs). Organic carbon in the form of TPs represents the principle output of the Calvin-Benson cycle. TPs can either be exported from the chloroplast to the remainder of the cell or they can be metabolized within the chloroplast, for example during transitory starch biosynthesis (Heldt, 1999) (Figure 1 , center). Both energy and reducing power generated the photosynthetic light reactions are also used in the chloroplast for a number of additional anabolic reactions, such as nitrogen and sulfur assimilation, amino acid and lipid biosynthesis, and production of precursors for secondary metabolism. However, the chloroplast is not autonomous -it depends on the remainder of the cell for photosynthesis to function: TPs exported to the cytosol are predominantly converted to 'transport sugars', such as sucrose, and to structural carbohydrates, such as cellulose. Inorganic phosphate released from TPs during these biosyntheses is returned to the chloroplast, which is essential for continuous operation of photosynthesis. Indeed, the one to one stoichiometry for TP/Pi exchange by the TPT provides a regulatory link between photosynthetic rates and cytosolic carbon metabolism. For example, if sucrose synthesis in the cytoplasm slows down, Pi availability drops and the absence of Pi returning to the chloroplast slows PS. In addition, a toxic byproduct of the Rubisco reaction, phosphoglycolate, must be detoxified, excess reducing power needs to be diffused, and cofactors for the photosynthetic reactions need to be imported from other parts of the cell. Chloroplasts, the site of photosynthesis, are surrounded by two membranes, the inner envelope membrane and the outer envelope membrane. The inner envelope is traditionally considered to represent the specificity barrier with a set of highly specific transport proteins, while the outer envelope is considered to be less selective with a set of broad specificity pores.
The core transport processes involved in photosynthesis
The single most abundant protein in the inner envelope is the triosephosphate/phosphate translocator (TPT), which represents the major pathway for carbon export during the day (Flügge and Heldt, 1984) . It functions as an antiporter. That is, it transports TPs in a 1:1 counter-exchange with inorganic phosphate (Flügge and Heldt, 1984) . The net result of each transport step is equivalent to three reduced carbon atoms, with no net transport of phosphate (Table 1, Figure 1 ). Dissecting the physiological role of this transport protein is complex since TPs can either be exported to the cytosol, or stored inside the chloroplast in the form of transitory starch. If synthesis of sucrose that is synthesized from TPs in the cytosol (and/or sucrose export to sinks) becomes limited, as indicated by falling cytosolic phosphate concentrations, phosphate becomes unavailable as a countersubstrate for TP at the transporter. TP can thus no longer be exported and is rerouted into transitory starch biosynthesis (Flügge and Heldt, 1984) . This rerouting provides sufficient metabolic flexibility to allow the plant to survive under laboratory conditions, even if the activity of TPT is compromised by knockdown or knockout (Häusler et al., 2000b; Häusler et al., 2000c; Schneider et al., 2002) . Transitory starch is broken down during the night predominantly to maltose and to a minor degree to glucose, which are both exported to the cytosol for conversion to sucrose that is loaded into the phloem. The amylolytic mobilization of transitory starch does not conserve all of the energy contained in the glycosidic bonds of the starch polymer (Weise et al., 2004) and mobilization and phloem loading are fueled by respiration during the night (Häusler et al., 2000a) .
In contrast to photosynthesis in ambient CO 2 concentrations, TPT strongly limits photosynthetic carbon fixation under elevated CO 2 conditions (Häusler et al., 2000c) . Under these conditions, both the maximum rate of transitory starch biosynthesis and TP-export from the chloroplast co-limits the rate of CO 2 assimilation. This indicates that if CO 2 concentrations continue to rise or if photosynthesis is engineered to increase the flux through the pathway, the TPT will become limiting for the rate of CO 2 assimilation.
In contrast to organic carbon, which can be stored if in excess, excess reducing power cannot be stored in the chloroplast and thus must be dissipated. In addition to the chloroplast-intrinsic pathways for dissipation, there exist at least two potential shuttles for the export of reducing power: (i) the TP/3-phosphoglyceric acid (3-PGA) shuttle and (ii) the malate/oxaloacetate (OAA) shuttle. The TPT of higher plants is not only capable of exporting reduced carbon but also of reducing power (Flügge and Heldt, 1984) . That is, the TPT can exchange TP for 3-PGA, which equals the net movement of one reducing equivalent: TP is exported to the cytosol, Inhibition of nightly starch degradation severely inhibits plant growth (Niittylä et al., 2004; Lu and Sharkey, 2006) , indicating that sufficient breakdown capacity is critical to optimal use of carbon stored during the day.
In addition to transport proteins that export the products of photosynthesis, the import of substrates also warrants consideration. Until recently, it was assumed that CO 2 entry into the chloroplast occurs by diffusion through the membrane. However, dedicated CO 2 pores belonging to the aquaporin protein family were recently discovered in the plasma membrane and in the chloroplast envelope (Uehlein et al., 2003; Uehlein et al., 2008) . A knockdown of the CO 2 transporting aquaporin resulted in a 15% concentrations, which we will be facing due to global change, or in lowered CO 2 conditions such as closed stomates due to drought, may alter flux in a way that requires altered CO 2 conductance.
Transport processes peripherally associated with photosynthesis
Sink strength is a major determinant of photosynthetic capacity.
Photoassimilates are exported from source cells via the phloem to the sink tissues. At least one transport protein at this interface, the sucrose proton symporter SUT1 of the phloem companion cells, controls the photoassimilate transport rate to the sinks (Vaughn et al., 2002) . Its abundance and therefore its maximal transport capacity is mediated by sucrose in the phloem which in turn depends on sink strength (Vaughn et al., 2002) . In sink tissues storage starch is produced from glucose 6-phosphate imported into the amyloplasts. characterized by lower CO 2 assimilation rates, although its stomatal conductance was not altered. It was suggested that lack of uncoupling protein function adversely affects mitochondrial redox poise, which in turn impacts photosynthesis (Sweetlove et al., 2006) . Thus, photosynthesis, although confined to the chloroplast, is part of an intricate cross-compartment network that it is well connected throughout the cell and dependent on its connections.
Attempts to increase flux through photosynthesis thus likely require adjustments to the transport capacity of the chloroplast membrane and of other organellar membranes as well.
C 4 photosynthesis -nature's successful solution to supercharging photosynthesis C 4 photosynthesis is highly efficient due to the reduction of carbon loss by photorespiration. This is achieved, at the expense of additional ATPs per CO 2 fixed, through increasing the CO 2 concentration in the vicinity of Rubisco, thereby suppressing the oxygenation reaction of Rubisco to less than 1% of that observed in C 3 plants (von Caemmerer and Furbank, 2003) . The C 4 photosynthetic reactions occur in different cell types, mesophyll and bundle sheath cells, and involve at least two distinct chloroplast types, one in each cell type (Hatch, 1987) . The flux through the C 4 pathway is higher than the apparent rate of CO 2 assimilation and likely represents on of the highest metabolite fluxes known in plants (Weber and von Caemmerer, 2010) .
Comparative quantitative proteomics as well as transcriptomics clearly demonstrated that the high metabolite flux needed to sustain C 4 photosynthesis is achieved by strongly increased transport protein abundance (Bräutigam et al., 2008; Bräutigam et al., 2010; Friso et al., 2010 during evolution of the C 4 photosynthetic pathway, transport capacity became limiting and the amounts of transport proteins were increased to cope with the increased demand on flux. C 4 photosynthesis thus serves as a prime example demonstrating the importance of transport proteins for achieving high rates of photosynthetic carbon assimilation.
Concluding remarks
We set out to address the question -do metabolite transport processes limit photosynthesis? Unfortunately, the question cannot be answered with a 
